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1.0 SUMMARY 


In the CF6 Jet Engine Diagnostic Program the causes of performance deg- 
radation were determined for each component of revenue service engines. It 
was found that a significant contribution to performance degradation was 
caused by Increased airfoil tip radial clearances In the high pressure com- 
pressor . 

The objective of this Investigation was to conduct a systematic test 
program to evalute the effects of high pressure compressor clearance changes 
on engine performance and to examine potential clearance Improvements for both 
steady state and transient operation. The potential methods of clearance Improve 
ments Included rotor bore cooling. Insulating the aft stages of the stator casing 
and reducing the thermal coefficient of expansion of the stator casing material 
In these stages. 

Core engine tests were conducted with an Instrumented high pressure com- 
pressor. The special Instrtmentatlon Included pressure and temperature rakes 
at COG' ressor Inlet and .discharge, pressure and temperature probes In the 
cooling airflow stream, stator casing and rotor structure thermocouples and 
blade tip clearanceometers. 

Both steady-state power calibration and transient engine test runs were 
made. The power calibrations were made with several different compressor 
clearances which were produced by varying the rotor bore cooling airflow. In 
the transient tests, the cooling airflow was maintained at a constant fraction 
of the engine airflow and was used as a means of clearance Improvement. 

The results of the steady-state power calibration Indicate that. If 
clearance change Is expressed as a fraction of the airfoil length, a one percent 
clearance reduction improves compressor efficiency by one percent. The results 
of the transient tests show that significant Improvements In clearances can be 
obtained by the use of rotor bore cooling. Insulation of the stator casing and 
use of low coefficient of expansion material for the stator casing In the aft 
stages of the compressor. Calculations Indicate that clearances In the rear 
stages can be reduced by 1.0 mm (0.040 In) relative to the current CF6-50 com- 
pressor. This would produce a normalized average clearance change of 0.78 
percent which Is equivalent to an Improvement In compressor efficiency of 0.78 
percent . 

The clearance Improvement features tested In this program are being uti- 
lized In the new CF6-80 compressor. 


2.0 INTRODUCTION 


A program was initiated for the CF6 family of turbofan engines to Identify 
and quantify the causes of performance deterioration which increase fuel con- 
axsDptlon. The recent energy demand has outpaced domestic fuel supplies* cre- 
ating an increased United States dependence on foreign oil. This increased 
dependence was accentuated by the OPEC ^bargo in the winter of 1973-1974 which 
'triggered a rapid rise in the price of fuel. This price rise, along with the 
potential for further increases, brought about a set of changing economic cir- 
cumstances with regard to the use of energy. These events were felt in all 
sectors of the transportation industry. As a result, the Government, with the 
support of the aviation industry* initiated programs aimed at both the supply 
and deoand aspects of the problem. The supply aspect is being investigated by 
determining the fuel availability from new sources such as coal and oil shale, 
with concurrent programs in progress to develop engine combustors and fuel 
systems to accept these broader based fuels. 

Reduced fuel consumption is the approach being employed to deal with the 
demand aspect of the problem. Accordingly* NASA is sponsoring the Aircraft 
Energy Efficiency (ACEE) program which is directed toward reducing fuel con- 
sinoptlon for commercial air transports. The long-range effort to reduce fuel 
consumption is expected to evolve new technology which will permit development 
of a more energy efficient turbofan* or an improved propulsion cycle such as 
that for turboprops. Studies have Indicated that large reductions in fuel usage 
are possible (e.g.* 15 to 40 percent): from this approach* however* a significant 
Impact In fuel usage is considered to be 15 or more years away. In the near 
term, the only practical propulsion approach is to improve the fuel efficiency 
of current engines since these engines will continue to be the significant fuel 
users for the next 15 to 20 years. 

The Engine Component Improvement (ECI) program Is the element of the ACEE 
program directed at improving the fuel efficiency of current engines. The ECI 
program consists of two parts: (1) Performance Improvement and (2) Engine 

Diagnostics. The Performance Improvement program is directed at developing 
engine performance improvement and retention concepts for new production and 
retrofit engines. The Engine Diagnostics effort is to provide deterioration in- 
formation for the high bypass ratio turbofan engines utilized on wide-body 
aircraft . 

As part of the Engine Diagnostics effort, NASA-Lewls initiated a program 
with the General Electric Conq>any to conduct high pressure compressor clearance 
evaluations. 

Compressor performance is known to be significantly influenced by variations 
in compressor airfoil tip clearances. The new engine clearances are dictated 
primarily by the differential thermal and elastic growths of the compressor rotor 
and stator structures that occur during transient and steady-state operating 
conditions. In current designs, such as the CF6-50 compressor* the transient 
thermal response of the rotor structure is much slower than that of the stator 
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structure. This characteristic results In larger steady-state running clearances 
than are desirable for good performance. Smaller clearances can, therefore, be 
achieved by Improving the match of the stator and rotor structures thermal -re- 
sponses l.e. by slowing down the stator and speeding up the rotor thermal 
responses. 

Field experience has shown that for the typical performance deterioration 
of a CF6-50 engine after 4000 hours of revenue service, an increase In SFC of 
about 0.7% Is due to high pressure' compressor performance loss (Ref. 1). This 
was based tb a large extent on the examination of service hardware and calculating 
the performance effect rather than component performance measurments obtained 
from engine tests. Verification of this contribution was, therefore, necessary 
using controlled engine tests with measured clearance variations. 

The scope of this program was to establish, more precisely than heretofore, 
the Influence of compressor clearance variations on engine performance and to 
evaluate potential Improvements that could be made In the steady-state and tran- 
sient clearances. To determine the Influence of compressor clearance variations 
on engine performance, Instnawnted core engine tests were conducted In which 
conq>ressor airfoil tip clearances were varied by varying the compressor rotor 
bore cooling airflow at steady-state operating conditions. To Investigate po- 
tential Improvement In clearances a number of transient test runs were also made. 
They Included engine power throttle bursts and chops and also hot rotor power 
throttle rebursts. 
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3.0 BACKGROUND 


Compressor airfoil dp clearance degradation (Increased clearances) In 
revenue servlco engines Is produced by causes related to engine operation 
and to shop maintenance practices. Of these, compressor stator casing out-of- 
roundness has been found to be one of the most significant causes of airfoil 
tip clearance degradation. The effect of casing out'K)f-roundne8s on compressor 
blade and vane clearances Is Illustrated In Figures 1 and 2, respectively. 

To meet the minimum clearance at bulld-up. all blade tips have to be ma- 
chined at least by the amount equal to the radial distortion, otherwise undesir- 
able blade- to-casing rubs will occur. Vanes, on the other hand, only need to be 
machined In the area of the casing distortion. 

The problem Is aggravated because the effect of out-of-roundness on clear- 
ances Is magnified for two reasons. First, by the pk.rmltted Interchangeability 
of modules and, second, by the field shop practices at engine bulld-up. At every 
shop visit, the distorted casing may be matched with a different rotor thus 
causing shorter blades In It and ultimately In all engines of the fleet. Normal 
field shop practices during engine bulld-up require that the Individual com- 
pressor rotor and stator casing modules be machined to provide a minimum clear- 
ance. Verification of the actual mlnlmxjm clearance Is accomplished by applying 
wax strips of knoira thickness to the stator casing and rotor spool lands and then 
Installing the casing halves around the rotor. The rotor Is then rotated through 
360” after which the stator casing halves, upper and lower, are removed and the 
wax strip thicknesses are measured. If the wax strips were rubbed. Indicating 
below minimum clearance, the airfoil tips are hand-ground to correct this condi- 
tion. How the magnifying effect on clearances Is produced Is Illustrated by the 
following specific field engine Incident. Because an engine failed to meet the 
minimum performance standards It was disassembled and Inspected to determine the 
causes. Inspection of the compressor Indicated a large out-of-roundness In the 
stator casing, shown In Figure 3. Because of this casing condition clearances 
were below the minimum, requiring blade tip rework which was done with hand 
grinding tools. Consequently, much more of the blade tip was removed than was 
necessary. The casing out-of-roundness In this compressor, referred to as 
module A, was a maximum of O.S mm (20 mils) but the blade tips were up to 1.0 on 
(40 mils) shorter at the leading and trailing edges. A typical blade tip pro- 
file from this compressor Is compared with a machine ground blade tip from 
another compressor In Figure 4. To avoid this large performance penalty, revised 
field procedures have been specified for the repair of caslng-out-of-roundness. 
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Figure 1. Casing Distortion Necessitates Rework on All Blade Tips 
lii a Stage. 



Figure 2. Casing Distortion Necessitates Rework on Vane Tips In 
Distorted Area Only. 
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Figure 3. Casing Out-of-Rouodnass Versus Stage. 
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Figure 4. Because of Casing Out**of -Roundness , Hand Grinding of Blade Tips at 
Assenbly Produces Shorter Blades than Necessary. 
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4.0 TEST AJPPARATUS 


4.1 TEST FACILITY 


Th« General Electric Evendale Altitude Teat Facility vaa uaed for all test- 
ing reported here. The facility, shown in Figure 5. consiata of six 10-atage 
axial-flow coapressors. three LMISOO gas turbine drives, and two test ^tions, 
each 5. IS a (17 feet) in diaaeter and 17.07 a (56 feet) long. The facility 
supplied fan engine booster discharge conditions for both the siaulated cruise 
and sea-level-atatic core engine inlet conditions. The required inlet air tem- 
perature was produced by coapresslon and air pressure siaulatlon was obtained by 
airflow throttling to achieve cruise and sea-level pressure levels. Ambient 
core engine inlet conditions were obteined with the facility compressors turned 
off and the engine drawing air from an orient inlet stack. 

4.2 TEST VEHICLE 


The test vehicle used in this Investigation was a CF6 core engine, specif- 
ically adapted to the Altitude Test Facility. CF6-50. CF6-80 and special slave 
hardware was used for this core engine test. An overall installation photograph 
is shown in Figure 6. 

The core engine consisted of a 14-stage axial flow high pressure compressor 
(HPC). an annular combustor, and e two-stage high pressure tiurblne. A CF6-50 
configuration fan module was modified for ducting shop air into the bore of the 
HPC rotor. Other modifications Included a reworked inlet gearbox for slipring 
accoiB&odatlon; elimination of the Hos. 1 and 2 bearings, i^lch are present on 
fan engines; and installation of a 100-polnt slipring for compressor rotor in- 
strumentation. The CF6-50 No. 3 bearing was retained for compressor rotor support. 

The HPC rotor was of a CF6-80 configuration except for the Stage 1 and 2 
disks, which were CF6-S0 disks, modified to pass bore cooling air through the 
rotor forward shaft and disk hub area. The rotor blades were CF6-50 blades. 

The HPC stator case was a CF6-80 configuration while the stator vanes were 
CF6-50 configuration. The CF6-50 stator casing is made in two pieces. The front 
casing is made from M152 steel and the rear casing is made frem INCO 718. The 
CF6-80 stator casing is made in one piece from H1S2. In stages 12 through 14 
the structure is Irsulated from the gas flow path. The combination of the lower 
coefficient of expansion of M152 and the insulation produce better-matched 
thermal responses of the rotor and stator than those in the CF6-50 compressor 
with an INCO 718 rear stntor casing and uncooled rotor bore. 

In this test progm, externally supplied shop air was used to cool the 
rotor and thus vary the clearances. The total cooling airflow was measured by 
an instrumented orifice and waa remotely controlled by a valve upstream of the 
orifice, shown in Figure 7. The cooling air was sup^ilied to the manifold around 
the slave front frame; from there, through flexible hoses, into the frame struts 
and then into the HP comiiressor inlet inner cavity shown in Figure 8. From this 
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Figure 6. Engine Installation. 
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Figure 7. Inetruuiented Core Engine In Altitude Test Facility 
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Figure 8. Compressor Instrumentation/Flow Schematic. 


cavity, some of the air leaked out through the air /oil and air seals bounding 
the cavity (only the rotating seals are shown In the figure) and the remainder, 
the net cooling airflow, entered the rotor main cavity through the holes In the 
forward shaft. The cooling air exited the rotor cavity through holes In the 
rear shaft and was then vented through the compressor rear frame struts Into 
the test facility exhaust. 

4.3 INSTRUMENTATION 

A detailed summary of Instnmientatlon used Is given In Appendix D. It 
consisted of the following three groups: 1) special Instrumentation used for 

this Investigation, 2) engine performance Instrumentation, and 3) engine control 
and safety Instrumentation. 

Special Instrumentation for this Investigation Is suimnarlzed In Figure 8 
and It Included a calibrated orifice to measure rotor bore cooling airflow, 
pressure and temperature probes at the rotor main cavity Inlet and discharge 
for monitoring the cooling airflow conditions, compressor rotor and stator 
thermocouples, blade tip clearanceometers and touch probes. 

The clearanceometers were electrical capacitance probes whose output voltage 
varied with the distance between the clearanceometers and the blade tips. 

Touch probes were traverse probes with open electrical circuits which closed 
when the probes touched the blade tips. When contact was made, the probes 
automatically backed off. The distance traversed by the probes, to touch the 
blade tips, was measured by linear potentiometers. 

The engine performance lnstrumen':atlon Included pressure and temperature 
rakes at compressor Inlet and discharge, exhaust gas temperature rakes and the 
engine pressure ratio rakes. 

Engine control and safety instrumentation Included a tachometer, a fuel flow 
meter and a variable vane position indicator. 

The Automatic Data Handling (ADH) Computer system was used for data acqui- 
sition. Temperature data from the compressor rotor were acquired through a 
forward mounted slipring and programmed to the ADH computer. The compressor 
stator temperature data and the engine performance Instrumentation data were 
programmed through junction boxes to the same computer system. The clearance- 
ometers and touch probes were connected to the tape recorder and. In parallel, 
to the oscilloscopes for visual monitoring. 

Engine control and safety Instrumentation was programmed to the test cell 
control room where its output was displayed on the control console and monitored 
by the test crew. In addition, the output was displayed on strip charts and re- 
corded by the ADH Computer system. 
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5.0 TEST PROCEDURE 


A nximber of steady-state and transient engine test runs were made. They 
Included steady-state power calibrations, power throttle bursts and chops, 
hot rotor power throttle rebursts and a slonilated flight cycle test run. 

The steady-state power calibration tests were made at constant speeds with 
three different engine Inlet conditions, \dilch were (1) core engine asd>lent, 

(2) simulated fan engine sea-level static and (3) cruise. At each engine speed 
point, at least three different sets of clearances were produced and their ef- 
fects on engine performance were measured. The high pressure compressor airfoil 
tip clearances were varied by varying quantities of rotor bore cooling airflow. 

The greater the cooling airflow, at any power setting, the lower was the bulk tem- 
perature of the rotor structure and, hence, the greater were the tip clearances. 

The test procedure for the steady-state power calibrations was as follows. 
After engine inlet conditions and speed were stabilized, the rotor bore cooling 
airflow was set at the desired level and, three minutes later, all Instrixmentatlon 
sensor outputs were scanned and recorded. Instnmientation output scanning and 
recording was repeated approximately every three minutes until the rotor disk 
temperatures became stable, which took fifteen to twenty minutes. At this point, 
the cooling airflow was changed and the instrumentation sensor output scanning 
and recording was repeated. 

The power throttle bursts and chops were made with only the ambient engine 
Inlet conditions becatise simulated fan engine cempressor Inlet temperatures and 
pressures cannot be rapidly produced when a core engine Is run In an altitude 
test facility. The rotor bore cooling airflow was maintained at a constant 
fraction of the engine airflow. The power throttle bursts were made from ground 
idle to take-off power setting, which was then held constant until the rotor disk 
temperatures became stable and then the engine power throttle was chopped back 
to the. ground Idle setting. 

A "hot rotor power throttle reburst" Is defined as an engine power throttle 
chop from a high to a low power setting followed by a reburst to the high power 
setting. This type of power throttle maneuver may cause heavy airfoil tip rubs 
and thus increase the clearances for subsequent operation. This may be partic- 
ularly so If the dwell time at the low power setting Is of such a time period 
so as to produce the maximum temperature difference between the rotor and stator 
structures. In the hot rotor power throttle reburst tests the metal temperatures 
were stabilized at takeoff power setting and then the throttle was chopped to 
ground Idle and, a short time later, reburst to takeoff power setting. Time at 
ground Idle setting varied from 20 seconds to about 30 minutes. These tests were 
also run with ambient engine Inlet conditions. The cooling airflow was maintained 
at a constant fraction of the engine airflow. 

In all transient tests the transient data recording equipment was swltched- 
on one min ute before the power throttle movement was Initiated and generally re- 
mained on for at least two minutes and, In some special cases, up to seven minutes 
after which time the steady-state data recording equipment was swltched-on. 
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The parameters measured or determined Included rotor bore cooling airflow, 
cooling air temperature Inside the rotor cavity, compressor airfoil tip clear- 
ances, rotor and stator structure temperature, compressor efficiency and engine 
fuel flow. The total cooling airflow was measured by a calibrated orifice. 

The net rotor bore cooling airflow was obtained by calculating the leakage 
through the seals bounding the compressor Inlet Inner cavity, and then subtracting 
It from the total flow. The calculation method Is discussed In the Section 6.0. 

The airfoil tip clearance changes, at various rates of rotor bore cooling 
airflow, were calculated based on measured rotor disk temperatures. The calcu- 
lated clearance changes In stages 10, 12, and 13 were verified by clearanceometer 
measurements. The calculation method Is discussed In the Section 6.0. 

The compressor efficiency changes produced by the compressor airfoil clear- 
ance changes were computed automatically from the measured air temperatures and 
pressures at compressor Inlet and discharge. 

The fuel flow changes, caused by the compressor airfoil clearance changes, 
were measured directly. 
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6.0 RESULTS AND DISCUSSION 


Results presented were obtained from the steady-state power calibrations 
and the transient test runs. They Include rotor bore cooling alrflowt rotor 
temperatures* compressor clearances* compressor efficiency and engine fuel flow. 
All the steady-state results presented are changes* In the measured or determined 
parameters, caused by varying the rotor bore cooling airflow; the results ob- 
tained at zero net rotor bore cooling airflow were used as the base line In the 
presentation. 

6.1 STEADY-STATE RESULTS 


Net Rotor Bore Cooling Airflow 

At each steady-state power calibration speed point the total cooling airflow 
was reduced until the net flow through the compressor rotor cavity was zero as 
Indicated by the temperature and pressure sensors at the inlet and discharge of 
the rotor cavity. It followed* therefore* that for this condition the leakage 
through the seals was equal to the total flow measured at the orifice. A leakage 
flow function was determined from this set of data and It was used to calculate 
leakage through the seals at the higher rates of the total cooling airflow. The 
net rotor bore cooling airflow was then obtained by subtracting leakage from the 
total measured flow. The net rotor bore cooling airflow function for all power 
calibration speed points Is shown in Figure 9. 

Rotor Temperature 

The axial air temperature profiles measured at the Inner boundary of the 
rotor cavity are shown In Figure 10 for various rates of cooling airflow. The 
data Indicate a slower temperature Increase In the middle stages (stage 4 through 
9) than In the rear stages of the rotor structure. This Is primarily due to the 
geometrical differences of these two areas of the rotor structure and* to some 
small extent* due to the higher conductivity of INCO 718 (rear stages) as compared 
to titanium (forward stages). The data also show* as would be expected* that the 
higher the cooling airflow the lower the air temperature of the rotor cavity. 

Disk bore metal temperatures are shown In Figure 11 for various rates of 
rotor bore cooling airflow. These data also show that the greater the cooling 
airflow the lower are the disk bore temperatures. At stage 14, the maximum 
cooling airflow reduced the metal temperatures by about 170"C (300**F) which Is 
a very significant reduction. 

Radial temperature profiles In the stage 14 disk are shown In Figure 12. 

The cooling air was most effective at the disk bore. The rim of the disk was 
much less affected and the maximum temperature reduction was about one quarter 
of that at the bore. In other stages* this was even a smaller fraction. As 
will be noted from the figure* the effectiveness of rotor bore cooling was 
significantly underestimated when the pre-test predictions were made- 
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Figure 9. Rotor Bore Cooling Airflow Function for the Steady-Sta.te 
Power Calibration Speed Points. 
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Figure 10. Air Tesperatures at Rotor Inner Diameter 
for Various Cooling Airflow Rates. 
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Bore Cooling Airflow Function 












Airfoil Tip Cl—r^nce Changes 


At th« powor callbratlcm points, the stator casing teaperaturaa raaalned 
constant, and only the rotot temperatures were affected by the cooling airflow. 
Therefore, to calculate the clearance changes only the rotor temperature changes 
were needed to he considered. Clearance changes, calculated In this manner for 
the simulated sea level static takeoff poirar calibration point, are shown In 
Figure 13 for various cooling airflow rates. The data show that the greatest 
Increase In clearances, produced by Increased cooling airflow, occurred In the 
aft stages (stage 10 through 14). This Is so because of the faster heat re> 
moval from these stages, as Indicated by a faster cooling air temperature rise 
shown In Figure 10 and also because of the higher thermal coefficient of 
expansion of the disk material (INCO 718) In these stages than that In the for- 
ward and middle stages (titanium). 

Similar calculations of clearance changes were made for other power cali- 
bration points. These data were then used to calculate the normalized average 
clearance changes which were later correlated with the corresponding coiq>resaor 
efficiency and engine f\iel flow changes. The correlations are discussed In a 
later paragraph where the normalized average clearance Is also defined. 

The measured and calculated clearances for stages 10, 12 and 13 are shown 
In Figures 14 through 16. There Is an excellent agreement for stage 10. For 
the other two stages, there are small discrepancies between measured and cal- 
culated data. The calculated data are somewhat lower. For Instance, for a 
measured change of 0.76 mm (30 mils) the corresponding calculated value Is 
0.63 mm (25 mils) or 0.13 mm (5 mils) less. 

Efficiency and Fuel Flow Changes 

Conq>res8or efficiency changes resulting from variations of cooling airflow 
, rates are shown In Flgtirc 17. The data were obtained at the simulated sea-level 
static takeoff condition. Indicated and corrected values are shown In the figure. 
The corrections were made to obtain the net effect of clearance changes by allow- 
ing for the leakage of cooling air Into the compressor Inlet and for the heat 
removal, by the cooling air, from the compressor gas path. 

The magnitude of the correction for heat removal was about ten times as large 
as that for leakage. The corrections were necessary because an Increased rotor 
bore cooling airflow produced an increased leakage of the cooling air Into the com- 
pressor Inlet downstream of the Inlet temperature rakes. Because the cooling 
air was colder than the air at the compressor Inlet, the resultant air tesq>erature 
of the mixed air was slightly lower than measured by the Inlet temperature rakej. 
The sir temperature rise through the compressor, as measured by the Inlet and 
discharge rakes was, therefore, slightly smaller than the actual. Consequently the 
computed (Indicated) efficiency reduction, baaed on the measured temperature rise, 
was also slightly smaller than the actual efficiency reduction. Similarly, the 
heat removed from the gas path by the Increased cooling airflow reduced the In- 
dicated air temperature at compressor discharge and, hence, made the Indicated 
temperature rise through the compressor slightly smaller thsu the actual. Con- 
sequently, the computed efficiency reduction, due to the Increased cooling air- 
flow, was also slightly smaller than the actual. 
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Figure 13. Calculated Airfoil Tip Clearance Changes Figure 14. Stage 10 Airfoil Tip Clearance 
for Various Cooling Airflow .Rates. Changes, Measured Versus 
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Figure IS. Stage 12 Airfoil Tip Clearance Figure 16. Stage 13 Airfoil Tip Clearance 

Changes, Iiea8u«'ed Versus Changes, Measured Versus 

Calculated. Calculated. 




Englna fuel flow chugos «a & function of tho cooling airflow arc ahown 
In Figure 18. Tha corractiona aada to tha fuel flow rata wara in tha oppoaita 
dlraction to that of tha afficlancy corractiona » i.a., tha fual flow corractiona 
raaultad in a saallar actual fual flow change than indicated, bacauaa the waaa- 
urad fual flow includad tha anargy raaovad froa tha cycla by tha cooli.ig air 
which waa van tad overboard. If tha claaranca changaa wara produced Mchanically 
there would be no heat loaa froa tha cycla and, therefore, tha total fual re- 
quired would be laaa. 

Tha coapraaaor afficlancy and fual flow changaa wara corrected in thla 
nannar for all power calibration apaad polata and than correlated with tha av- 
erage noraallxed claaranca changaa aa dlacuaaed In tha next paragraph. 

Ccrralation of Efficiency and Fual Flow Changaa with Claaranc*; Changaa 

CoBpraaaor efficiency changaa are ahown aa a function of the nonaalixad 
average clearance changaa in Figure 19 for four different apaad polnta and three 
different angina Inlet conditiema. Thera la a good correlation of maaaurad af- 
ficiMcy changaa with tha calculated pomallzad average clearance changaa. The 
nozaallzad average claaranca change la defined aa followa: 

HclIl) - ~ r 0.5 [(da/LL + (Aa/L). ], 

" 1 « 1 ^ 

ACL la clearance change in a given ataye, 

L la airfoil length in the sane atage, 

M la nuaber of atagea In the coaprenaor, 
n la number of atagea In which clearance la changed, 
r denotea rotor, 

S' denotes stator. 

(ACL/L X 100 Is colloquially referred to as "percent of clearance 
change" Instead of "average normalized clearance change In percent of 
the airfoil length". 

The line shown In the figure la drawn by Inspection through the data polnta 
and It happens to be a 45* line. Indicating that onu percent of the normalized 
average clearance change produces also a one percent change In the coiq>retsor 
efficiency. 

The engine fuel flow changes versus the normalized average clearance changes 
are shown in Figure 20. Only the data obtained at the slsMlated sea level static 
takeoff and cruise conditions arc presented. The data for the other two speed 
points were Inaccurate because of a fxial flow meter malftmctlon. The line show^ 
in the figure la derived from the efficiency line in Figure 19 through the deriv- 
ative of fuel flow aa a function of efficiency for the teat engine. Because the 
line correlates well with the fuel flow data It Indicates conslstencv of the 
aeaaured efficiency and fuel flow changes. 
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Figure 19. Compressor Efficiency Change Versus 
Airfoil Tip Clearance Change. 
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Flgt.re 20. Fuel Flow Change Versus Airfoil 
Tip Clearance Change. 




6.2 TRANSIENT RESULTS 

Clearance Changes During Power Throttle Bursts and Chops 

In these tests the engine power throttle was burst from ground Idle to 
takeoff power setting and held there until the compressor metal temperatures, 
and hence, airfoil tip clearances, stabilized. The measured clearance change 
for the stage 10 blades Is shown In Figure 21. The total clearance change 
measured In this test run was about 0.25 nm (10 mils). After the steady-state 
temperatures and durances at take-off power had been reached, the engine 
power throttle was chopped to ground Idle setting and held there until the 
metal temperatures and clearances stabilized again. The measured clearances 
In stage 10 for this engine power maneuver are shown In Figure 22 where the 
total clearance change Is less than 0.38 mm (15 mils). Clearance variations 
measured In stages 12 and 13 were similar and are shown In Figures 23 through 
25. 


Comparison of Measured and Calculated Clearances 

The blade tip clearances measured In stage 13 during the burst and chop 
engine power throttle maneuvers are shown In Figures 26 and 27 respectively 
where they are conqiared to the predicted values. The values shown In these 
figures represent clearance changes and not the absolute clearances. These 
variations were produced by engine speed and temperature changes; the rotor 
bore cooling airflow was maintained constant at a preset fraction of the en- 
gine airflow. Two things are worthy of note: 1) All observed clearance changes 

caused by engine power throttle maneuvers were small; 2) there Is an excellent 
correlation between the measured and calculated clearance changes. 

Hot Rotor Power Throttle Rebursts 


A number of hot rotor power throttle reburst test runs were made. In 
each run the compressor metal temperatures and hence clearances, were permitted 
to stabilize at the high power setting, the simulated takeoff, and then the en- 
gine power throttle was chopped to ground Idle setting and held there for a 
period of time, which differed for each test run. After the hold period at 
Idl^ che engine power throttle was reburst to the high power setting. The 
measured clearance changes In stages 10, 12 and 13 during two such test runs 
are shown In Figures 28 and 29. Figure 28 shows clearance changes for a re- 
burst after a 20 seconds dwell at Idle and similar results for a 90 seconds 
dwell at ground Idle are shown In Figure 29. The biggest clearance change of 
about 0.5 mm (20 mils), was produced In stage 10 In a reburst after 90 seconds 
at ground Idle. This Is because the stage 10 casing Is net insulated and there- 
fore the rotor and stator thermal responses are not as well matched as those of 
the other two stages. 

Clearance CHiange In a Typical Flight Mission 
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A simulated flight mission was also run with the ambient core engine 
Inlet only, for the seune reasons as previously stated for the power throttle 
burst and chop runs, l.e. inability to rapidly change the inlet temperatures 
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Figure 21. Small Variation of Clearance in Stage 10 
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Flg^e 23. Small Variation of Clearani^ in Stage 12 After Power- 
nirottle Burst from Ground Idle to Takeoff. 



Figure 24. Small Variation of Clearance in Stage 12 After Power 
Throttle Chop from Takeoff to Ground Idle. 
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Figure 25. Small Variation of Clearance in Stage 13 After Burst 
and Chop Power- Throttle Movements. 
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Figure 26. Small Variation of Clearance In Stage 13 
After Power-Throttle Burst from Ground 
Idle to Takeoff. 
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Figure 27. Small Variation of Clearance in Stage 13 After Power- Throttle 
Chop from Takeoff to Ground Idle. 
















and pressures In the altitude test facility. Clearance changes measured in 
stages 10, 12 and 13 are shown In Figures 30 through 32. In this test the 
variations In clearances were also produced by changes in engine speed and 
temperature; the rotor bore cooling was maintained constant at a preset frac- 
tion of the engine airflow as was the case In the burst and chop tests. The 
measured clearance changes are also comparable to those measured during power 
throttle burst and chop tests. 

• 

Improved Clearances 

At the steady-state power calibrations the rotor bore cooling was varied 
from test-polnt-to-test-polnt and was used as a means of varying the airfoil 
tip clearances to determine the effect of these variations on the compressor 
efficiency and on the engine fuel consuosptlon. During the transient testing 
the rotor bore cooling was maintained constant at a preset fraction of the en- 
gine airflow, as would be the case In a fan engine. This was done to obtain 
better-matched thermal responses of the rotor and stator structures than those 
of the CF6-50 compressor. The results obtained from the transient tests are 
summarized in Figure 33 which shows clearance variation in a typical power 
throttle maneuver which Included burst to takeoff, steady-state at takeoff 
and chop to ground Idle. Figure 34 shows calculated clearance variations during 
a similar power throttle maneuver for the CF6-50 compressor l.e. for an uninsu- 
lated INCO 718 stator casing and an uncooled rotor. It will be noticed that 
cooling of the rotor bore. Insulating of the stator casing together with a 
smaller thermal coefficient of expansion of the casing, produces significantly 
reduced clearance variations during engine transients and, therefore, permits 
much smaller compressor buildup and running clearances. Calculations Indicate 
that these clearances can be reduced by 1.0 mm (0.040 In) In the aft stages of 
the compressor relative to the current CF6-S0 compressor clearances. One mm 
(.04 In) reduced clearances In stages 10 through 14 would produce a reduction 
of 0.78 percent In the average normalized clearance. 
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Figure 30. Small Variation of Stage 10 Blade Tip Clearance 
in a Simulated Typical Flight Mission. 



Figure 31. Small Variation of Stage 12 Blade Tip Clearance 
in a Simulated Typical Flight Mission. 



Figure 32. Small Variation of Stage 13 Blade Tip Cle .‘ance 
In a Simulated lyplcal Flight Mission. 
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Tlae, seconds 

Figure 34. Current Clearance Variations in Stage 13 After Burst and 
Chop Power-Throttle Moveawnts. 





7.0 CONCLUSIONS 


There were two objectives In this program. The first objective was to 
determine the effect of compressor airfoil tip clearance variations on com- 
pressor efficiency and hence on engine fuel consumption. The second objective 
was to Investigate methods of potential Improvements In Compressor clearances. 

In these Investigations, Instnaiiented core engine tests were conducted In 
which compressor rotor bore cooling was used for two different purposes. In 
the steady-state (ower calibrations It was used as a means of varying the com- 
pressor airfoil tip radial clearances from test-polnt-to-test-polnt. In this 
application It proved to be more effective than the pretest predictions Indi- 
cated. Rotor bore temperature reductions of up to about 170"C (300*F) were 
produced, which In turn Increased the clearances up to 0.63 mm (.025 In) In the 
aft stages of the compressor. The corresponding average normalized compressor 
clearance Increase was calculated to be 0.6 percent, equivalent to a compressor 
efficiency Increase of also 0.6 percent. For the same clearance change, the 
currently used derivative would Indicate about 1.1 percent of compressor effi- 
ciency change. 

The measured core engine fuel flow Increase produced by the 0.6 percent 
average compressor clearance increase was 1.7 percent which Is equivalent to 
about 0.3 percent In specific fuel consumption (SFC) of a CF6 fan engine at 
cruise. Using the current GE derivative, the 0.6 percent average clearance In- 
crease would Increase SFC by 0.55 percent. The results of this program show 
that engine performance Is much less sensitive to compressor clearance variation 
(about 30 percent) than the previous data and experience have Indicated. 

In the transient tests, which Included power throttle bursts and chops and 
hot rotor power throttle rebursts, the compressor rotor bore cooling was main- 
tained at a constant fraction of the engine air flow. It was used In these tests 
together with the stator casing Insulation and the low coefficient of expansion of 
the stator casing material, as a means of Improving compressor clearances In the 
aft stages of the compressor which have the greatest Impact on the compressor 
performance. 

The build-up and hence the steady-state compressor airfoil tip radial 
clearances depend on the clearance excursions during the engine transient operat- 
ing conditions. The smaller the transient excursions the smaller the build-up 
and hence the steady-state operating clearances can be maintained. The transient 
clearance excursions In the Instrumented core engine were much smaller than 
those predicted for the CF6-50 fan engine which does not have compressor rotor 
bore cooling, stator casing Insulated structure and a low thermal coefficient 
of expansion of the rear stator casing material. 

The calculations show that with the use of the above features the compressor 
clearances can be reduced by 1.0 mm (.040 In) in the aft stages (10 through 14). 
This would reduce the average normalized compressor clearance by 0.78 percent. 
Using the derivative obtained In this program the corresponding Increase In com- 
pressor efficiency would also be 0.78 percent and the SFC of a fan engine would 
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b« r«duc«d by about 0.38 parcant. Using tha darivatlvaa* currantly in uaa at 
Ganaral Elactrlc. thaaa nuabara would ba 1.4 parcant and 0.68 parcant raapac- 
tlvaly. Tha raaaona for tha dlffarancas hava not yat baan datanilnad. In 
either case the predicted laprovaaanta in performance are very significant. 
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APPENDIX A - SYMBOLS 


HPC 

High Pressure Conpressor 

SLS 

See Lev^il Static 

ADH 

Autonetlc Data Handling 

IDR 

InstrusMntatlon Data Roots 

ECI 

Engine Component Itsprovement 

ACEE 

Aircraft Energy Efficiency 
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APPENDIX C 


QUALITY ASSURANCE 


INTRODUCT I C ^ 

« 

The qxiallty program applied to this contract Is a documented system 
throughout the design, manufacture, repair, overhaul and modification cycle 
for gas turbine aircraft engines. The quality system has been constructed 
to comply with military specifications MIL-Q-9858A, MIL-I-45208, and MIL-STD- 
45662 and Federal Aviation Regulations FAR-145 and applicable portion of FAR-21. 

The quality sys and Its Implementation are defined by a complete set 
of procedures which has let i coordinated with the OOD and FAA and has their 
concurrence. In addition, the quality system as described In the quality 
program meets the contractor requirements required by the NASA-Lewls Research 
Center. The following Is a brief synopsis of the system, 

QUALITY SYSTEM 

The quality system Is documented by operating procedures which coordinate 
the quality-related activities in the functional areas of Engineering, Manu- 
facturing, Materials, Purchasing, and Engine Programs. Hie quality system is 
a single-standard system wherein all product lines are controlled by the common 
quality system. The actions and activities associated with determination of 
quality are recorded, and documentation is available for review. 

Inherent In the system Is the assurance of conformance to the quality 
requirements. This includes the performance of required Inspections and 
tests. In addition, the system provides change control requirements which 
assure that design changes are Incorporated Into manufacturing, procurement 
and quality documentation, and Into the products. Material used for 
parts is verified for conformance to applicable engineering specifications, 
utilizing appropriate physical and chemical testing procedures. 

Measuring devices used for product acceptance and Instrumentation used to 
control, record, monitor, or indicate results of readings during Inspection 
and test are initially inspected and calibrated and periodically are reverified 
or recalibrated at a prescribed frequency. Such calibration is performed by 
technicians against standards which are traceable to the National Bureau of 
Standards. The gages are Identified by a control number and are on a recall 
schedule for reverlflcation and calibration. The callbratlo'.i function main- 
tains a record of the location of each gage and *‘he date it requires recali- 
hration. Instructions implement the provisions ». MIL-STD-45662 and the 

appropriate FAR requirements. 
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Work sent to outside vendors is subject to quality plans which provide 
for control and appraisal to assure conforoancs to the technical requirements. 
Purchase orders Issued to vendors contain a technical description of the work 
to be performed and Instructions relative to quality requirements. 


Engine parts are Inspected to documented quality plans which define the 
charect eristics to be inspected, the gages and tools to be used, the condi- 
tions under which the inspection is to be performed, the sampling plan, labo- 
ratory and special process testing, aud the Identification and record require- 
ments. 


Work instructions are Issued for compliance by operators. Inspectors, 
testers, and mechanics. Component part manufacture provides for laboratory 
overview of all special and critical processes, incxudlng qualification and 
certification of personnel, equipment and processes. 


When work is performed in accordance with work instructions, the opera- 
tor/inspector records chat the work has been performed. This is accomplished 
by the operator/ inspector stamping or signing the operation sequence sheet to 
signify Chat Che operation has been performed. 


Various designs of stamps are used to Indicate the inspection of status 
of work in process and finished items. Performance or acceptance of special 
processes is indicated by distinctive stamps assigned specifically to person- 
nel performing the process or inspection. Administration of Che stamp system 
and Che Issuance of stamps are functions of the Quality Operation. The stamps 
are applied to the paperwork Identifying or denoting the items requiring con- 
trol. When stamping of hardware occurs, only laboratory approved ink is used 
to assure against damage. 


The type and location of other part marking are specified by the design 
engineer on the drawing to assure effects do not compromise design require- 
ments and part quality. 


Control of part handling, storage an4 delivery is maintained through the 
entire cycle. Engines and assemblies ire stored in special dollies and trans- 
portation carts. Finished assembled parts are stored so as to preclude damage 
and contamination, openings are covered, llnAs capped and protective covers 
applied as required. 


Nonconforming hardware is controlled by a system of material review at the 
component source. Both a Quality representative and an Engineering repre- 
sentative provide the accept (use-as-ls or repair) decisions. Nonconformances 


are documented, lnclud:*ng the disposition end corrective action if applicable 
to prevent recurrence. 


The system provides for storage, retention for specified periods, and 
retrieval of nonconformance documentation. Documentation for components is 
filed in the area where the component is manufactured/ inspected. 
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APPENDIX D 


INSTRUMENTATION DESCRIPTION 


The following test Instrumentation was used to measured rotor cooling air 
Inlet and exit conditions « engine performance, compressor blade tip clearances, 
temperatures and to monitor engine operation. The Instrumentation Is listed: In 
three groups : 

1. Special Instnimentatlon used for this Investigation 

2. Engine performance Instnunentatlon and 

3. Engine control and safety Instrumentation. 

1. Special Instrumentation Used for this Investigation 

s Compressor rotor cooling air temperature at Inlet and 
exit - a total of four thermocouples. 

• Compressor rotor cooling air pressure at Inlet and exit - 
a total of four probes. 

• Compressor Rotor Thermocouples ~ Fifty-four chromel/alumel 
thermocouples on the compressor rotor Inner surfaces . . 

• Compressor Stator Thermocouples - A total of forty-eight skin 
thermocouples and three air thermocouples (all are chromel/alumel) 
were mounted on the outer surfaces of the stator casing. 

• Casing Capacitance Clearanceometers - A total of nine clearanceometers 
were used. 

• Casing Touch Probe Cleranceometers - A total of three, one In each 
plane of the capacitance clearanceometers were used. 

• Calibrated Orifice Cooling Air Flow Measurement at Inlet and exit. 

2. Engine Performance Instrumentation 

• Inlet Temperature - Chromel/alumel thermocouples attached to 
the bellmouth rakes. 

• Core Inlet Temperature/Pressure - Ten flowpath wall static pressure 
taps and five rakes with five elements each for total pressure 

and temperature. 

• Compressor Discharge Pressure - Four static pressure probes In the 

compressor rear frame. * 
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• Compressor Discharge Total Pressure/Temperature - Five* 5<-element 
rakes were used to measure compressor discharge total temverature 
and pressure. 

e Turbine Mid Frame Discharge Temperature - Temperature In this plane 
was measured by a production-configuration EGT harness consisting 
of 11 dual-element thermocouple probes electrically averaged. 

e Turbine Mid frsa» Discharge Pressure - Pressure was measured using 
five probes, each having four elements feeding a single fitting. 

3. Engine Control and Safety Instrumentation 

e Barometric Pressure - The local barometric pressure measured 
using a recording Bendlx Microbarograph. 

e Humidity - The absolute humidity measured In grains of moisture 
per pound of dry air using a Foxboro humidity Indicator. 

e Cell Static Pressure - Test cell static pressure measured at 
four locations in the cell. 

• Core Speed - Core rotor speed measured using a tach generator 
driven off the accessory gearbox. 

e Main Fuel Flow - Fischer & Porter volumetric flowmeter, facility 
mounted . 

• Verification Fuel Flow - Second fuel flowmeter mounted In series 
with WFMAIN. 

• Fuel Temperature - Temperature of fuel measured at the facility 
flowmeters using a single copper/constantan probe In the fuel line. 

• Fuel Sample Specific Gravity - Specific gravity of the fuel sample 
measured using a hydrometer. 

e Fuel Sample Temperature - Fuel sample temperature measured during 
the specific gravity measurement. 

• Variable Stator Vane Position - Readout of the LVDT attached to the 
high pressure compressor variable stator actuation lever. 

Instrumentation accuracies are listed below. The quoted values are 
two standard devltatlon values with 95Z confidence. 
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Parameter 


Core Speed 
Barometric Pressure 
Relative Humidity 
Fuel Specific Gravity * 

Fuel Sample Temperature 
Fuel Temperature 
Variable Vane Position 
Inlet Temperature 
Fuel Flow - Volumetric 
Cell Pressure 

Compressor Discharge Pressure 

Compressor Discharge Temperature 
TMF Discharge Temperature 
IMF Discharge Pressure 

Dynamic Stress 

Compressor Rotor & Stator 
Temperatures 

Core Inlet Temperature 

Core Inlet Pressure 

Clearanceometers (Capacitance) 
Touch Probe 

Compressor Rotor Cooling Flow 


+10 rpm 
^.007 psla 
+5X reading 
^.15X reading 
+0.5° F 
+2.5° F 
+2 degrees 
+1° F 

+0.54Z reading (20-100Z power) 

jK).05Z full scale or j^.4Z 
reading whichever Is greater 

^.05Z full scale or jK).4Z 
reading whichever Is greater 

+^6° F 

+10° F 

^.05Z full scale or ^.4Z 
reading whichever Is greater 

+15Z 

+10° F 

+1° F 

+.05 full scale or +0.4Z 
reading whichever Is greater 

+2 mils 

+2 mils 

+1.0Z of flow setting 
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